Chromosome translocations between Ig (Ig) and non-Ig genes are frequently associated with B-cell lymphomas in humans and mice. The best characterized of these is c-myc/IgH translocation, which is associated with Burkitt's lymphoma. These translocations are caused by activation-induced cytidine deaminase (AID), which produces double-strand DNA breaks in both genes. c-myc/IgH translocations are rare events, in part because ATM, p53, and p19 actively suppress them. To further define the mechanism of protection against the accumulation of cells that bear c-myc/IgH translocation, we assayed B cells from mice that carry mutations in cell-cycle and apoptosis regulator proteins that act downstream of p53. We find that PUMA, Bim, and PKCδ are required for protection against c-myc/ IgH translocation, whereas Bcl-XL and BAFF enhance c-myc/IgH translocation. Whether these effects are general or specific to cmyc/IgH translocation and whether AID produces dsDNA breaks in genes other than c-myc and Ig is not known. To examine these questions, we developed an assay for translocation between IgH and Igβ, both of which are somatically mutated by AID. Igβ/IgH, like c-myc/IgH translocations, are AID-dependent, and AID is responsible for lesions on IgH and the non-IgH translocation partners. However, ATM, p53, and p19 do not protect against Igβ/IgH translocations. Instead, B cells are protected against Igβ/IgH translocations by a BAFF-and PKCδ-dependent pathway. We conclude that AIDinduced double-strand breaks in non-Ig genes other than c-myc lead to their translocation, and that at least two nonoverlapping pathways protect against translocations in primary B cells.
B lymphocyte | c-myc | cancer | immunoglobulin M ature B-cell lymphomas are frequently associated with chromosomal translocations between Ig loci and non-Ig genes. The latter include c-myc in Burkitt's lymphoma, bcl-2 in follicular lymphoma, bcl-6 in diffuse large-cell lymphoma, and FGFR in multiple myeloma (1) (2) (3) . These translocations are believed to be important for malignant transformation because they can deregulate the transcription of oncogenes by placing them under the control of the Ig transcriptional elements.
Translocations are thought to be particularly prevalent in B-cell lymphomas because B cells undergo a series of DNA remodeling reactions that involve obligate double-strand breaks (DSBs) in Ig loci. V(D)J recombination is the first of these reactions, and is mediated by the RAG1/2 endonuclease (4, 5) . This enzyme produces paired hairpin and blunt DNA ends when it cuts recombination signal sequences during antigen receptor gene assembly in developing B-cell precursors (6, 7) . Class switch recombination (CSR) and somatic hypermutation (SHM) remodel Ig genes in mature B cells activated during immune responses. CSR is a DNA recombination reaction that alters the effector function of the antibody by replacing one constant region with another without altering the antigen-binding variable region. In contrast to V(D)J recombination, CSR is not sequence-specific but instead regionspecific, resulting in recombination between repetitive DNA elements found 5′ of Ig constant region genes (8) . SHM changes the affinity of the antibody by introducing nontemplated nucleotide changes in the variable region of the antibody gene. Although CSR and SHM are mechanistically distinct, both processes are initiated by activation-induced cytidine deaminase (AID) (9) (10) (11) . AID deaminates cytosine residues in ssDNA that are exposed during transcription, thereby producing U:G mismatches in target DNA (12) (13) (14) (15) (16) . The resulting lesion is processed by base excision repair and/or mismatch repair enzymes to create mutations or DSBs (8, 17, 18) . Unlike RAG1/2, which targets well-defined recombination signal sequences embedded in Ig variable, diversity, and joining gene segments, AID has a preference for the RGYW motif but can mutate nearly any cytosine residue (18, 19) . This lack of specificity is essential to AID's function because it allows the enzyme to introduce mutations in multiple locations in large families of Ig heavy-chain, κ, and λ variable genes, thereby maximizing the probability of mutations that enhance antibody affinity. However, this lack of strong nucleotide specificity also makes AID a dangerous enzyme, because of its potential to damage DNA throughout the genome.
AID targets Igs preferentially; however, it produces low levels of mutations in multiple non-Ig loci including several important B-cell cancer-associated genes such as Pim1, Pax5, Rhoh, Bcl-6, and fas (20) (21) (22) (23) (24) . Indeed, a recent survey suggested that up to 25% of the genes expressed in B cells may be mutated by AID, but the mutational load in these genes is 20-to 100-fold lower than those seen in Igs (25) .
In addition to somatic mutations, AID also produces doublestrand breaks in IgH and at c-myc (26) . As a result, AID creates substrates for c-myc/IgH translocations (27) (28) (29) . These translocations are infrequent events under physiologic circumstances because genomic caretakers and checkpoint regulators such as ATM, p19, and p53 actively suppress the emergence of cells carrying deregulated c-myc (28, 30) . Whether AID is responsible for dsDNA breaks that lead to translocation by genes other than c-myc, and how these other translocations might be suppressed, has not been determined.
Here we show that AID mediates the formation of lesions that result in translocations between IgH and Igβ. These novel translocations are not suppressed by ATM, p53, or p19, but instead by a PKCδ-dependent pathway that can be activated by BAFF. The PKCδ-dependent pathway also suppresses c-myc/ IgH translocation.
Results
Protection Against c-myc/IgH Translocations. c-myc/IgH translocation is an infrequent event in activated B cells that is increased in the absence of ATM or p53 (28) . ATM can phosphorylate p53 directly or through activation of Chk2 (31) (32) (33) (34) (35) (36) . To evaluate the role of Chk2 in protecting cells from c-myc/IgH translocations, we analyzed the frequency of these events in lipopolysacharide (LPS)-and IL4-stimulated Chk2 −/− B cells (36) . Chk2-deficient B cells were indistinguishable from controls in terms of cell division as measured by CFSE [5-(and 6-) carboxyfluorescein diacetate succinyl ester] dye dilution and switching to IgG1 (Fig. 1A) . However, loss of Chk2 increased the frequency of c-myc/IgH translocations 6-fold compared to wild type (P = 0.0237), which is ?30% of the level found in p53 −/− B cells (Fig. 1B) . We conclude that Chk2 is required for optimal protection of B cells from c-myc/IgH translocations and, like p53, it has no significant effect on class switch recombination.
ATM and Chk2 stabilize p53 by serine phosphorylation (37) . Phosphorylation of p53S18 is required for maximum activation of p53 and plays a role in activating DNA damage-induced apoptosis (38) (39) (40) , whereas phosphorylation of p53S23 is believed to be required for p53 function in only certain cell types (41) . Finally, combined phosphorylation of p53S18/S23 is essential for p53-dependent IR-induced apoptosis and tumor suppression (38) . To determine whether these p53 phosphorylation sites are required for protection against the accumulation of cells that bear c-myc/IgH translocations, we analyzed B cells from mutant mice in which serines 18 and 23 have been replaced by alanines (p53S18A/23A) (38) . These mutations did not alter B-cell division as measured by CFSE dye dilution, but p53S18A/ 23A B cells showed a small decrease in CSR and increased cmyc/IgH translocation to a level that was comparable to loss of Chk2 (P = 0.0068) (Fig. 1B) . Thus, phosphorylation of p53 residues S18 and/or S23 is required for protection against the accumulation of cells that bear newly arising c-myc/IgH translocations in stimulated B cells in vitro, but phosphorylation of these residues does not account for the full effect of p53.
Activation of p53 induces apoptosis through PUMA, and produces cell-cycle arrest by activating the cell-cycle inhibitor p21 (42) (43) (44) . To determine whether the protective effects of p53 on cmyc/IgH translocations are achieved through apoptosis or cellcycle arrest or both, we analyzed CSR and c-myc/IgH translocation in LPS-and IL4-activated PUMA-and p21-deficient B cells. PUMA −/− and p21 −/− B cells were similar in that neither altered CSR or cell division significantly ( Fig. 2A) . However, loss of PU-MA increased the frequency of translocation whereas loss of p21 did not (Fig. 1B) . We conclude that PUMA is required for optimal protection against c-myc/IgH translocation in activated B cells.
PUMA is a Bcl-2 family member that induces apoptosis by binding to and inhibiting prosurvival Bcl-2 family members (45) . To determine whether persistent activation of Bcl-2 or Bcl-XL is sufficient to protect against c-myc/IgH translocation, we analyzed activated B cells from Bcl-2 and Bcl-XL transgenic mice (46, 47) . Consistent with their prosurvival function, deregulated expression of Bcl-2 or Bcl-XL increased the number of live cells that failed to divide or underwent a small number of cell divisions in response to LPS + IL4 ( Fig. 2A ). In addition, we found a decrease in switching to IgG1 in Bcl-2 but not Bcl-XL transgenic B cells. However, only Bcl-XL increased the frequency of c-myc/ IgH translocations (Fig. 2B) . We conclude that deregulated expression of Bcl-XL can counteract the normal protective effects of p53 and enhance the survival of B cells that undergo c-myc/ IgH translocation.
Like PUMA, Bim is a proapoptotic Bcl-2 family member whose deletion accelerates lymphomagenesis in Eμ-myc transgenic mice (48) . To determine whether loss of Bim also enhances c-myc/IgH translocation, we assayed LPS-and IL4-activated Bim −/− B cells. Loss of Bim produced a decrease in CSR to IgG1 and increased the frequency of c-myc/IgH translocations to the similar degree as loss of PUMA or transgenic expression of Bcl-XL (P = 0.0023) (Fig. 2B) . Our results suggest that c-myc/IgH translocation activates p53-induced apoptosis through PUMA and Bim possibly by inhibition of Bcl-XL and Bcl-6 (49) .
BAFF is an important B-cell cytokine that promotes B-cell survival and whose deregulated expression is associated with autoimmunity and increased incidence of lymphoma (50) (51) (52) . To determine whether BAFF enhances translocation, we added this cytokine to cultures of LPS-and IL4-stimulated B cells. BAFF did not alter cell division or switching to IgG1, but like transgenic Bcl-2 and Bcl-XL enhanced survival of cells that had undergone fewer divisions (Fig. 3A) . BAFF increased the frequency of c-myc/IgH translocation 10-fold (P = 0.0007). Similar to BAFF, addition of caspase inhibitor II resulted in a 7-fold increase in translocation (P = 0.0127) (Fig. 3A) . We conclude that BAFF enhances the survival of B cells that carry c-myc/IgH translocation.
BAFF promotes B-cell survival by activating antiapoptotic responses through NF-κB and by preventing nuclear localization of protein kinase Cδ (PKCδ) (53) . Because nuclear accumulation of PKCδ is essential for induction of apoptosis, we analyzed CSR and c-myc/IgH translocations in PKCδ −/− B cells. Although CSR was not affected by the absence of PKCδ, the frequency of c-myc/IgH translocation was dramatically increased (Fig. 3B) . We conclude that apoptotic signals that depend on PKCδ play an important role in elimination of B cells with c-myc/IgH translocations. 25) . For example, mutations in Igβ, an essential signaling component of the B-cell receptor, are found at a rate of 1 × 10 −4 whereas mutations in Ig J H 4 were present at 1.6 × 10 −2 in the same experiments (22, 25) . To determine whether AID produces DSBs in Igβ that might lead to chromosomal translocations, we designed a PCR assay for detecting translocations between Igβ and IgH (Fig. 4A) . Amplified products were confirmed as authentic Igβ/IgH translocations by sequencing. Translocation breakpoints showed small amounts of microhomology (1-4 bp) and a few nucleotide additions (Table S1 ). Igβ/IgH translocations appeared at a frequency of 0.4 × 10 −6 in wild-type B cells stimulated with LPS and IL4 but were not detected in the absence of AID (Fig. 5A) . Thus, in addition to c-myc/IgH translocations, activated B cells also suffer AID-dependent translocations between Igβ and IgH.
To determine whether AID is the source of dsDNA breaks in Igβ that lead to Igβ/IgH translocations, we made use of mice that carry an I-SceI site in IgH (IgH I/I ) (26) . I-SceI is an endonuclease that recognizes an 18-bp site that is not normally present in the mouse genome (54) ) assayed under the same conditions were devoid of both c-myc/IgH and Igβ/IgH translocations (Fig. 4C) . Thus, AID is required for the DSBs in the Igβ gene that lead to Igβ/IgH translocations in activated B cells. These factors can be activated directly by any event that is associated with DNA damage before translocation or by c-myc overexpression, which induces the oncogenic stress response after aberrant chromosome joining (55, 56 −/− B cells. Whereas the frequency of c-myc/IgH translocation was increased in the absence of ATM or p53 or p19, we found no increase in the rate of Igβ/IgH translocations in the same samples (Fig. 5A) . We conclude that dsDNA breaks that are obligate intermediates in Igβ/IgH translocations fail to activate ATMp53-p19-dependent cellular responses. The difference between the two types of translocations suggests that activation of ATM, p53, and p19 is mediated by overexpression of c-myc and that the degree of DNA damage incurred during CSR is not sufficient to induce p53-mediated cell death.
Protection Against Translocation by PKCδ. BAFF promotes B-cell survival by PKCδ-and NF-κB-dependent pathways that are not known to intersect with ATM or the oncogenic stress response (52) . To determine the role of this pathway in Igβ/IgH translocations, we analyzed PKCδ −/− or BAFF-treated wild-type B cells. Similar to c-myc/IgH, the frequency of Igβ/IgH translocation was increased by addition of BAFF or in the absence of PKCδ (Fig. 5B) . We conclude that PKCδ protects against and that BAFF enhances the survival of B cells that carry either c-myc/ IgH or Igβ/IgH translocations. Discussion B-cell transformation is the end product of a multistep process that frequently includes chromosomal translocations that activate oncogenes (56) . An additional common lesion is inactivation of tumor suppressors such as p53, either directly by mutation or through alterations in its regulators like ATM or Bcl-6 (1). The experiments presented here provide additional insights into molecular requirements for translocation reactions in B lymphocytes and the cellular pathways that protect against these events.
Chromosomal translocations between c-myc and IgH are signature features of Burkitt's lymphoma (57) (58) (59) (60) (61) (62) (63) (64) . These translocations, like all others, require formation of double-strand breaks on both partner chromosomes. In the case of c-myc/IgH translocation, AID creates the DSBs on both partners, but the DSBs on c-myc are rare and limit the frequency of translocation (26, 65) . This is consistent with the rather low rate of AIDmediated mutation in c-myc and this gene's propensity for highfidelity repair (24, 25) . But c-myc is only one of many non-Ig genes that are translocated in lymphoma or mutated by AID (1) (2) (3) 25) . Our experiments show that in addition to c-myc, AID also produces lesions in Igβ that can serve as substrates for translocation to IgH. Thus, AID-induced DSBs are not limited to cmyc or IgH. We speculate that in addition to Igβ, such lesions may occur at many of the other known AID target genes and account for a substantial fraction of the DSBs that lead to lymphoma-associated translocations in Ig and non-Ig genes.
B cells are normally protected against developing AID-induced c-myc/IgH translocations by ATM, p53, and p19, or genes such as Graph represents the comparison of translocation frequencies from three independent samples in which a total of 10 million cells were assayed.
Bcl-6 that interfere with p53 induction (28, 30, 49, 66) (Fig. 2C) . It is therefore not surprising that the expression of these genes is frequently altered in translocation-bearing lymphomas (67) . The p53 pathway might be triggered directly by the DSBs created by AID, or alternatively indirectly by deregulated expression of translocated genes such as c-myc (56) . DNA damage-dependent activation of p53 would be expected to suppress any translocation irrespective of the site of the DNA break. In contrast, the oncogenic stress response would only be engaged by the subset of translocations that involve oncogene deregulation. Our experiments show that loss of ATM, or p53 or p19, is not sufficient to alter the frequency of Igβ/IgH translocations, and therefore AIDinduced DNA damage alone is insufficient to activate the p53 pathway. In contrast to p53 and p19, ATM is activated during CSR and is required for efficient completion of the reaction (68, 69) . Therefore, despite ATM's activation during CSR, AID-induced DSBs alone fail to prevent accumulation of Igβ/IgH translocations. This disconnect between the ATM-mediated DNA damage response and p53-induced cell death is likely to be necessary for successful CSR; otherwise, all cells that activate ATM while attempting CSR would be eliminated. We conclude that B cells are protected from c-myc/IgH translocations primarily by the p53-mediated oncogenic stress response. The idea that p53-induced apoptosis is an important mechanism for elimination of B cells that overexpress c-myc as a result of translocation is supported by the observation that deregulated expression of antiapoptotic factors like Bcl-2 or Bcl-XL accelerates lymphoma development in c-myc transgenic mice (70) (71) (72) . Our experiments demonstrate that cells that develop AIDmediated c-myc/IgH translocations are eliminated by a pathway that requires PUMA, Bim, and caspase activation and can be reversed by overexpression of Bcl-XL but not Bcl-2. The surprising difference between Bcl-XL and Bcl-2 might in part be attributed to a reciprocal expression pattern of these two factors in developing and activated B cells. Whereas Bcl-XL is expressed in pre-B cells, Bcl-2 is expressed in and is crucial for the survival of immature and mature naïve B cells (47, 73) , and only Bcl-XL is significantly up-regulated in activated B cells (47) . Thus, enforced transgenic expression of Bcl-2 under the control of Ig regulatory elements in the Bcl-2 transgene may account in part for its interference with CSR and inability to protect against accumulation of cells with c-myc/IgH translocation. The p53 pathway is only one of many molecular pathways that regulate survival by inducing apoptosis (30) . One of the other key survival pathways in mature B cells is mediated by the tumor necrosis factor (TNF) family of cytokines, which includes BAFF (52) . Like loss of p53, deregulated expression of BAFF is associated with lymphomas that carry chromosomal translocations in humans and mice (50, 74, 75) . This effect is likely due to the enhanced survival of translocation-bearing B cells when they are stimulated with BAFF (Fig. 3A) . More intriguing is the observation that PKCδ, a key mediator of the BAFF signaling pathway, is essential to prevent the survival of B cells that carry both c-myc/IgH and Igβ/IgH translocations. Therefore, in contrast to the p53-mediated pathway, the apoptosis pathway triggered by PKCδ does not require oncogene activation.
Finally, deregulated expression of BAFF is associated with autoimmune diseases such as Sjogren's syndrome, rheumatoid arthritis, and systemic lupus erythematosus that also show an increase in the incidence of lymphoma (50, 76) . BAFF is believed to promote autoimmunity by promoting the survival of autoreactive B cells. We speculate that BAFF-dependent increase in survival of B cells with chromosome translocation may in part account for the link between autoimmunity and lymphoma. B-Cell Cultures and Retroviral Transduction. B lymphocytes were cultured and transduced with retroviruses as described (28) . The I-SceI and mutant control I-SceI* retroviruses were as described (26) . BAFF (R&D Systems) was used at a concentration of 50 ng/mL caspase inhibitor II (Calbiochem) was used at a concentration of 50 μM. Cells were analyzed after 3 days of culture unless otherwise indicated.
Flow Cytometry and Cell Sorting. For flow cytometric analysis, cell suspensions were stained with fluorochrome-conjugated anti-IgG1 (Pharmingen). Data were acquired on a FACSCalibur (Becton Dickinson) and analyzed with FlowJo software (Treestar). CFSE labeling for cell division was at 37°C for 10 min in 5 μM carboxyfluorescein succinimidyl ester (CFSE; Molecular Probes). Lymphoid populations were sorted to >95% purity with a FACSVantage SE with DiVa option or FACSAria instruments (Becton Dickinson).
PCR Assay for Translocations. PCR reactions for c-myc/IgH translocations were performed as described (28) . For Igβ/IgH translocations, nested PCR was done using the following primers. For the Igβ side, the following primers (Igβ exon 4) were used for nested PCR: 5′-AAGTAGCAGGAAGATGGGCAC AATG-3′; 5′-TGAAGAGGATGATGAGGAGGGTCTG-3′. For the IgH side, the following primers upstream of Sm were used for nested PCR: 5′-TGAGGACCAGAGAGG GAT AAAAGAGAA-3′ and 5′-GGGGAGGGGGTGTCAAATAATAAGA-3′; Igβ/ IgH translocations were confirmed by direct cloning and sequencing.
